Abstract: Sample entropy (SampEn) was reported to be useful in the assessment of the complexity of heart rate dynamics. Permutation entropy (PermEn) is a new measure based on the concept of order and was previously shown to be accurate for short, non-stationary datasets. The aim of the present study is to assess if SampEn and PermEn obtained from baseline recordings might differentiate patients with various outcomes of the head-up tilt test (HUTT). Time-domain heart rate variability (HRV) indices and several nonlinear parameters were calculated using 500 RR interval-long ECG recordings done before tilting in patients with a history suggesting vasovagal syncope. Groups of patients with so-called cardiodepressive vasovagal syncope (VVS_2) during HUTT and patients who did not faint during the test were compared. Two types of HUT tests were analyzed: with spontaneous (SB) or controlled breathing (CB). In our study, SampEn was higher in VVS_2 patients during SB, and PermEn was higher in VVS_2 patients during CB. Irrespective of the type of breathing during the test, SampEn and PermEn were similar in patients with the Entropy 2015, 17 1008 same type of reaction during HUTT. The use of several entropy-based parameters seems to be useful in HRV assessment in patients with vasovagal fainting.
Introduction
The cardiovascular system is controlled by the autonomic nervous system (ANS). In some cases, for example in vasovagal syndrome (VVS), the consequence of ANS dysfunction is an occurrence of syncope [1] . In patients with recurrent vasovagal faints, quality of life might be significantly decreased comparably to chronic illnesses. Moreover, as many referrals to the emergency department are for syncope, the cost of its management is meaningful.
In the diagnostic process of VVS, the so-called head-up tilt table test (HUTT) is often used to provoke an incident of fainting and to observe (analyze) the reaction of the heart rate and blood pressure during the event.
Various parameters of heart rate variability (HRV) are usually used to describe ANS function. The assessment of baroreceptor sensitivity might also add useful information about the mechanism of syncope, especially in patients with recurrent faints [2] .
Previous studies performed in patients with a history of fainting provide contrasting results regarding standard HRV parameters, both in supine, as well as in tilted positions. Little is known about why in some patients with a typical history of vasovagal faints the head-up tilt test is negative (HUTT(-): there is no syncope as a result of tilting). There is substantial interest in the usefulness of the parameters of heart rate variability analyzed in baseline recordings (i.e., during the supine position before tilting) to differentiate patients with various reactions to HUTT. In the present paper, we analyze the features of the baseline heart rate that might characterize susceptibility to syncope during tilting.
In most of the studies, standard HRV parameters (time and/or frequency domain) were assessed, but no differences between HUTT(+) and HUTT(-) patients were found [3] [4] [5] [6] [7] [8] . As respiratory rate and pattern might impact the results of HRV analysis, in some studies, patients were asked to breathe 15 times per min. However, baseline spectral HRV parameters were still not different in patients who fainted or did not faint during tilting (although all subjects had a typical history of vasovagal faints) [9, 10] . In our study, attention is paid to the non-linear methods of HRV analysis, both during spontaneous and controlled breathing.
In patients with syncope during HUTT, various responses of heart rate and blood pressure preceding/causing a loss of consciousness are observed, and the modified VASIS classification is usually used to define subtypes of vasovagal reaction [11] . Therefore, it seems reasonable to perform analyses of HRV indices considering subgroups with different mechanisms of syncope. Guzman et al. [12] reported that baseline spectral HRV parameters were significantly different in patients with the cardiodepressivecompared with vasodepressive-type of reaction to HUTT performed during spontaneous breathing.
In the study by Kochiadakis et al. [13] HUTT tests were performed during controlled breathing 15 times per min and revealed differences in baseline HF and LF spectra between groups with cardiodepressive and vasodepressive types of syncope, but some results were contradictory to the results of Guzman. In turn, Kouakam et al. [14] have not found differences between the above groups regarding spectral HRV parameters assessed in baseline recordings. In the present paper, we focus on the cardiodepressive-type of syncope as a result of HUTT and compare it with the negative reaction to the test.
There were also attempts to check if standard HRV parameters are able to predict the result of HUTT. Piccirillo [15] reported that the power of the HF spectrum might differentiate patients with positive or negative results for the test, whereas Lipsitz [16] concluded that it is impossible to predict syncope during the test using spectral HRV parameters for baseline ECG recordings.
Recently, attention was paid to non-linear methods of HRV assessment. Among them, complexity measures, such as approximate entropy (ApEn) and sample entropy (SampEn), seemed to be very promising in cardiovascular research. Significant changes of ApEn and SampEn were found to precede cardiac arrhythmias, especially episodes of atrial fibrillation [17] [18] [19] . SampEn was useful for rapid identification of trauma patients with potentially lethal injuries using short ECG data recordings (reduced up to 100 RR intervals) [20] . The assessment of entropy was reported to be helpful in risk stratification after coronary artery bypass grafting [21] , in heart failure patients [22] and for the assessment of fetal heart rate signal [23] . As the application of ApEn is in many cases substantially limited, we decided not to include it in our analyses. Permutation entropy (PermEn) is a new measure based on the concept of order [24] . PermEn seems to have some advantages in comparison to ApEn and SampEn, but its usefulness in the assessment of HRV has been verified in only a few cases [25, 26] .
In summary, the main aim of the present study was two-fold: firstly, to assess if two entropy measures based on different concepts (SampEn and PermEn) obtained from baseline ECG recordings might differentiate patients with a history of syncope suggesting vasovagal reaction and different outcomes of the head-up tilt test; secondly, to investigate the impact of controlled breathing on the above analyses.
Methods

SampEn
Sample entropy is a measure of the complexity of real data sequences established by Richman and Moorman [27] . SampEn enables one to distinguish time series in terms of their irregularity and unpredictability: the larger the value of SampEn, the greater the complexity of the system. Three input variables, m, r and N , should be fixed to compute SampEn (m, the length of compared runs; r, the tolerance distance expressed as a percentage of the standard deviation of the datasets; N , the length of data points). For a given set of N data, the family of statistics SampEn(m,r,N ) quantifies the probability of a fact, that if m records are close, they still remain close for m + 1 records, where the proximity of records is determined by r.
Several combinations of parameters m and r are considered in the existing literature, though there are few guidelines for how to optimize their choice. For this study, m = 2 and r = 0.2 of the standard deviation SD of the datasets were used. The choice of r out of this interval may cause errors: values of r that are too large could prevent the recognition of essential features of the data; for too small value of r, the noise impact may corrupt the results.
The parameter m describes the embedding dimension; each sequence of m consecutive data represents a point in the m-dimensional phase space in which the real dynamics is reconstructed [28] . In most relatively slow signals, such as those obtained during HRV analysis, the choice of m = 2 led to satisfactory and meaningful results. On the other hand, the most recent studies suggest that for faster signals, like those generated during atrial fibrillation events, m = 3 would be more appropriate [29] .
Sample entropy is an improved, more reliable version of approximate entropy introduced by Pincus [30] . The idea of the construction of SampEn is similar to ApEn, but due to slight changes in the definition (such as excluding so-called self-matches), some bias can be avoided. SampEn calculated for clinical HR data is not sensitive to missing points [31] , i.e., its changes under the loss of data are not essential. SampEn is also affected little by the observational noise [32] and is more accurate than ApEn in the analysis of short records of data [27] . The comparison of the relative consistency of the two statistics is also in favor of SampEn, although both statistics lack this important property for some types of processes [27] .
PermEn
In 2002, a new approach to time series analysis was proposed by Bandt and Pompe [33] . Their idea was based on assigning some symbols to data and to investigating order relations between them. This method turned out to be very useful in analyzing different types of time series. It could be applied to non-stationary data and does not need one to establish the probability density function [24] . Below, we recall the main steps of the construction of PermEn.
In order to compute PermEn, two input parameters have to be fixed: L, the number of considered patterns, and N , the length of the time series.
We consider a time series {x n } N n=1 and a sliding window of length L: x n , . . . , x n+L−1 . Let us denote the last finite sequence by x n+L−1 n . With a given window, one can associate an ordinal pattern. Namely, the elements of the window after ordering have the form:
In such a case, we say that x n+L−1 n has the type of ordinal pattern π.
To illustrate the notion of an ordinal pattern, let us consider the following example: if L = 4 and x n = 1.5, x n+1 = −2, x n+2 = 0, x n+3 = 4, then the type of ordinal pattern of the analyzed window is equal to π = (2, 3, 1, 4). In case there are equal values in the sequence, we use the following convention: if x i = x j , then we define x i < x j for i < j (cf. [24] ). Now, to define PermEn, we consider the relative frequency p(π) of each permutation pattern π in the sequence {x n } N n=1 :
Finally, we get:
Procedures
Subjects
Two subgroups of patients were included in the study: first, including subjects who breathed spontaneously during HUTT (spontaneous breathing (SB) group) and second, including patients with controlled breathing during the test (CB group). None of the subjects had organic heart disease. All patients had a history of recurring syncope and were suspected of having the vasovagal mechanism of syncope. There were no differences between the groups concerning age or gender. The study complies with the Declaration of Helsinki; informed consent was obtained from each patient. The protocol of the study was approved by the Bioethics Committee of Medical University of Gdańsk.
The SB group consisted of 30 patients (22 women; mean age 38.3 ± 16.8 years) with a negative HUTT result (NEG_SB group) and 20 patients (13 women; mean age 36.8 ± 17.1 years) with a cardiodepressive reaction (VVS_2_SB group).
The CB group consisted of 31 patients (19 women; mean age 28.7 ± 7.4 years) with a negative HUTT result (NEG_CB group) and 19 patients (14 women; mean age 27.8 ± 7.1 years) with a cardiodepressive reaction (VVS_2_CB group). The unequal proportion of NEG and VVS_2 subjects mirrors the unequal proportion that exists in our databases (in patients with a history of syncope, the result of HUTT is more often negative than positive with the cardiodepressive reaction).
Physiological Measurements
The head-up tilt test was performed in the morning, after an overnight fast. After 20 min of rest in the supine position, the 20-min recording of ECG started. Then, the table was tilted to 60 degrees. The so-called passive test lasted 30 min or until syncope occurred. In case the patient did not faint, an active test with 400 mcg of nitroglycerin (aerosol, given sublingually) was then completed. In the CB group, the HUTT tests were performed under controlled breathing to standardize the impact of breathing on heart rate [32] . Patients followed a recorded voice instruction to breathe in and out 15 times per minute (i.e., with a frequency of 0.25 Hz).
The results were interpreted according to the modified VASIS criteria [11] : if the heart rate fell to a ventricular rate of less than 40 beats/min for more than 10 s or asystole occurred for more than 3 s, the cardiodepressive-type of vasovagal reaction (VVS_2) was defined. If the patient did not faint, a negative reaction to HUTT was defined (NEG).
The reproducibility of the head-up tilt test result is poor, especially for cardiodepressive reaction, and the rate of positive responses decreases with sequential head-up tilt tests [34] . Therefore, only patients in whom HUTT was performed for the first time were included in the study, and because of this, all tested groups were comprised of different patients.
In our study, respiration was not recorded. In spectral HRV analysis, the HF peak frequency in NEG_SB was 0.215 ± 0.06 Hz and in VVS_2_SB group was 0.228 ± 0.07 Hz.
In the VVS_2_SB group, syncope occurred as a result of the passive test in 2 patients and as a result of the active test (with nitroglycerin administration) in 18 patients. In the VVS_2_CB group, syncope occurred as a result of the active test (with nitroglycerin administration) in all 19 patients.
Data Analysis
A high-resolution ECG (3 channels, 1000-Hz sampling frequency) was recorded during the test with the use of Task Force Monitor (CNSystems, Graz, Austria). The data were then carefully checked by a physician, and all artifacts were removed. Premature beats were not excluded, but abnormal RR intervals did not exceed 5% of all beats. In the present study, ECG recordings done in a supine position after 20 min of rest (baseline) were analyzed.
HRV parameters were calculated for a sample size of 500 RR intervals. In all patients, the linear parameters of heart rate variability, including time-domain analysis indices (mean RR interval, standard deviation of all normal-to-normal RR intervals (STD RR), root-mean-square of the differences of adjacent normal-to-normal RR intervals (RMSSD) and the percentage of interval differences of successive normal RR intervals greater than 50 ms (pNN50)), were obtained. Among the nonlinear parameters of heart rate variability, we calculated sample and permutation entropies (SampEn and PermEn), Poincaré plot indices (sd1, sd2) and the α1 scaling exponent by detrended fluctuation analysis (DFA α1). To calculate SampEn parameters, m = 2 and r = 0.2 SD were used. To compute PermEn, patterns of length L = 3 were analyzed.
Statistical Methods
Results are presented as the means ± SD. The distributions of variables were determined by the Shapiro-Wilk test. Differences between groups were assessed by the Student t-test or Mann-Whitney two-sample test, as appropriate. A value of p < 0.05 was considered statistically significant.
In the case of the two-sample t-test, the fact that there were different numbers of observations in subgroups was included by use of the Welch-Satterthwaite version of the t-test, if necessary. Using either the simple Student t-test or Welch's t-test decided Levene's test for homogeneity of variances.
For verification of two-sample test results regarding entropy measures, the MANOVA with two dependent variables, SampEn and PermEn, and three categorical factors, gender (male, female), breathing (CB, SB) and HUTT (positive, negative), was used. Appropriate post hoc tests (recommended for unequal subgroups) produced the same conclusions and confirmed the previous results.
Results
NEG vs. VVS_2 Groups
Patients with cardiodepressive reaction to HUTT performed during spontaneous breathing (VVS_2_SB group) had significantly higher values of SampEn in baseline recordings compared to patients who did not faint during the study. Interestingly, at baseline, VVS_2_SB patients had also a significantly slower heart rate and higher values of RMSSD and pNN50 (Table 1) .
In patients who were on controlled breathing during HUTT, baseline HRV parameters did not differ significantly, except for PermEn, which was higher in the VVS_2_CB group. RR and SampEn also tended to be higher in the VVS_2_CB group, but the differences did not reach statistical significance. All results for the comparison between NEG_CB and VVS_2_CB groups are presented in Table 2 . Mean values of ordinal patterns frequencies (length L = 3) in all studied groups are presented in Table 3 .
Spontaneous vs. Controlled Breathing
Comparisons between HRV parameters in patients with the same results of HUTT, but different modes of breathing during tests were also performed, and their results are presented in Tables 4 and 5 . Controlled breathing resulted in a significantly slower heart rate (i.e., longer mean RR interval) in patients who did not faint during the test. In patients with syncope as a result of HUTT, not only the heart rate was slower, but also SDNN, RMSSD, pNN50, sd1 and sd2 were significantly different in groups with controlled breathing during HUTT. In contrast, entropy-based parameters were not different in groups with the same results of HUTT irrespective of the type of respiration. Mean and median values of SampEn and PermEn in all studied subgroups are presented in Figures 1 and 2 . Table 3 . Mean values ± SD (expressed in %) of ordinal patterns frequencies (length L = 3) in all studied groups. SB, spontaneous breathing; CB, controlled breathing.
Pattern NEG_SB VVS_2_SB NEG_CB VVS_2_CB
( 1 2 3 Figure 1 . SampEn in all studied subgroups (horizontal whiskers depict the upper and lower fence (Q1-1.5IQR, Q3+1.5IQR), where IQR = Q3-Q1 and Q1, Q3 are quartiles, x denotes the mean value and the yellow diamond depicts the mean confidence interval). Figure 2 . PermEn in all studied subgroups (horizontal whiskers depict the upper and lower fence (Q1-1.5IQR, Q3+1.5IQR), where IQR = Q3-Q1 and Q1, Q3 are quartiles, x denotes the mean value and the yellow diamond depicts the mean confidence interval).
Discussion
NEG vs. VVS_2 Groups
The pathophysiology of vasovagal syncope is still unclear, and conflicting results on autonomic control during HUTT have been published. In most of the studies inquiring into vasovagal faints using standard HRV parameters, the baseline characteristics of patients with a history of fainting were used, but various reactions during HUTT did not vary [3] [4] [5] [6] [7] . However, some differences were noted if the studied groups were divided according to the type of vasovagal reaction [12, 13] . This suggests that various types of vasovagal syncope (e.g., mixed, cardiodepressive and vasodepressive) differ so much in heart rate properties that no specific features can be found in groups that combine all types of VVS. That is why as a first step, we decided to select from VVS patients a smaller, but relatively homogenous group with quite well-defined vasovagal reaction. Therefore, in the present study, we compare patients with a negative result of HUTT with patients developing cardiodepressive syncope during the test. All examined subjects experienced syncope in the past. We believe that this enabled us to see the differences presented above. In our study, patients with a cardiodepressive reaction had distinct properties of the baseline heart rate, which made them more sensitive to the orthostatic stress.
During spontaneous breathing, VVS_2 patients had a slower heart rate and higher (RMSSD and pNN50) heart rate variability, which is in contrast to the studies by Lippman [6] and Grimm [5] , who did not report significant differences between VVS and NEG baseline parameters, but the VVS group consisted of patients with all types of vasovagal reaction during HUTT.
To our knowledge, our work is the first study that compares baseline values of SampEn and PermEn in patients with the cardiodepressive reaction to HUTT and subjects with a history of fainting, but without syncope during tilt-table testing. SampEn was able to differentiate the above groups in the case that HUTT was performed on spontaneous breathing, and PermEn was significantly different between the VVS_2 and NEG groups in the case of controlled breathing. Previous studies reported that heart rhythm complexity decreases during sympathetic activation. In a study by Porta et al., entropy indices decreased progressively with increasing tilt-table inclination [35] . The decrease of entropy as a consequence of the sympathetic activation during orthostatic challenge was also shown by Turianikova et al. [36] . On the other hand, pharmacological autonomic blockade with atropine, as well as propranolol combined with atropine have also decreased heart entropy, suggesting that vagal activity is the main modulator of heart rate complexity [37] . A recent study by Weipert [38] indicates that both vagal and sympathetic modulations contribute to heart rate complexity, and what is more, different autonomic states might result in the same value of SampEn (e.g., reciprocal changes of vagal and sympathetic systems and co-activation of both systems).
Although all of the above-mentioned studies [35, 36, 38] were done in healthy volunteers (in contrast to our population, consisting of patients with a history of recurrent syncope), we can use them to explain why a faster heart rate and lower complexity in the NEG group, observed in a supine position, could prevent vasovagal syncope during tilt. We hypothesize that NEG patients have high sympathetic modulation and decreased vagal activity at baseline, which balance autonomic changes during HUTT (increased vagal and decreased sympathetic activations) and make the system more resistant against the orthostatic stress.
During controlled breathing, PermEn was significantly lower in NEG patients, while other parameters did not differ between the VVS_2 and NEG groups. Permutation entropy based on a concept of order relations assessed for intervals between heart beats gives additional information about the complexity of the signal [39] . Permutation entropy was previously successfully applied for the analysis of electroencephalogram, heart rate or financial data. Recently, it was shown that for EEG signal analysis, various types of entropy (ApEn, SampEn, PermEn and conditional entropy) provide different information about the time series complexity [40] . The combination of various types of entropy (for example, SampEn and PermEn) enabled the authors to separate EEG signals recorded in healthy individuals, epileptic patients in a seizure-free period and epileptic patients during a seizure period.
In our study, PermEn revealed special features of the heart rhythm in patients asked to breathe with a frequency of 0.25 Hz, which led to changes in the distribution of heart rate patterns. There was an increase in the percentage of acceleration and deceleration runs, which caused the decrease of PermEn values concerning the NEG_CB group (Table 3 ). In our previous work, we analyzed the distribution of patterns in 97 healthy volunteers and concluded that acceleration and deceleration runs seem to be mostly related to sympathetic influences [41] . In fact, this supports our hypothesis that in patients with vasovagal faints, high baseline sympathetic modulation prevents the incidence of syncope during the head-up tilt.
Spontaneous vs. Controlled Breathing
Irrespective of the type of breathing during HUTT, SampEn and PermEn remained similar in patients with the same type of reaction at the end of the test. It seems that entropy-based parameters are not sensitive to the mode of respiration in characterizing patients who will faint as a result of HUTT. However, the rate of respiration has to be considered. In a study by Porta et al. [42] , the regularity of the heart rate time series (assessed using conditional entropy) has not changed during respiration of 15 breathes/min compared to spontaneous breathing, which is in agreement with our results. However, controlled respiration with 10 breathes/min resulted in increased regularity. Our findings reassure us that the standard HRV parameters depend largely on the respiration rate, which might impact the results of the studies concerning head-up tilt tests. Controlled breathing during HUTT is usually considered to make the analysis of HRV more easy for interpretation, because it should standardize the impact of breathing on heart rate. This seems reasonable, because in the majority of studies, respiration is not recorded. However, our results indicate that controlled breathing might significantly change the heart rate in all patients. Moreover, in the VVS_2 group, this kind of breathing influenced also SDNN, RMSSD, pNN50, sd1 and sd2. Therefore, the interpretation of HRV and autonomic nervous system activity is even more difficult. Moreover, some limitations of the study include that during HUTT with controlled breathing, patients had to follow a voice instruction to breath in and out, which could be a difficult and disturbing element (at least for some patients) and might impact the results.
Aspect of Gender
In our study, the groups were not balanced in terms of sex, because the selection of patients was done only in regard to the type of reaction to HUTT (NEG or VVS_2) and the quality of the recording. Therefore, the proportion of men and women in our study mirrors the unequal proportion of both sexes in our population of vasovagal patients, which is in agreement with data from previous studies analyzing the epidemiology of reflex syncope in relatively young populations [43, 44] . However, the complexity of the heart rate strongly depends on age and gender [45] , which is confirmed by very recent studies using conditional entropy [46] , as well as symbolic dynamics methods [47] . Because of the small number of patients in each group, we are not able to perform additional analyses focused on age and gender, but further studies are needed to check whether differences in entropy-based parameters between the NEG and VVS_2 groups are gender dependent.
Conclusions
(1) In baseline recordings, SampEn and PermEn were able to show differences between groups with cardiodepressive or negative results for HUTT.
(2) Various entropy-based methods provide distinct information about heart rate complexity. (3) In contrast to standard HRV parameters, SampEn and PermEn showed no significant differences when a comparison of the groups with the same reaction to HUTT, but different modes of respiration (NEG_SB vs. NEG_CB and VVS_2_SB vs. VVS_2_CB) was performed.
(4) Further studies in bigger groups of patients are needed to validate the above results.
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